The propagation of a periodic thermal wave into snow is significantly altered by the presense of a shallow rock interface because of the large difference in thermal properties of the two media. The temperature distribution is modeled using classical heat conduction equations subject to a periodic diurnal or seasonal surface heat flux condition, jump conditions at the interface, and insulating conditions in the far-field. The natural length scale (skin depth) over which order unity changes in temperature occur is proportional to the square root of the timescale of the surface temperature variations. If the interface lies close to or within the skin depth then large temperature gradients can be sustained in the snow before temperature oscillations are forced through to the underlying rock. These features are explained by an analytic one-dimensional periodic solution. A numerical algorithm is constructed to solve for the temperature around plane two-dimensional rock geometries. The results show that during a period of atmospheric cooling the presence of a buried rocky outcrop increases the snow temperature and temperature gradients simultaneously to produce very favorable conditions for crystal growth and avalanche formation.
Introduction
Field observations [Logan, 1992; Jamieson and Johnston, 1993] in subfreezing dry snowpacks suggest that the temperature distribution is significantly altered around buried rocky outcrops. In particular, enhanced temperature gradients develop in the snow immediately above th{ rock and, since crystal growth rates increase linearly with the temperature gradient [Colbeck, 1983] and nonlinearly with temperature [Lamb and Hobbs, 1971] , increased crystal growth rates are also expected.
Sufficiently large temperature gradients produce faceted depth hoar crystals with very little cohesion. The presence of a rocky outcrop may either initiate the formation of depth hoar in a zone where it would not otherwise form, or may enhance the rate of formation in areas where depth hoar is already being produced. In this event either a "weak spot" or a "super weak spot" in the snow is formed which can trigger a slab avalanche release [Armstrong and Williams, 1992] . Birkeland et al. [1995] state that "the snow overlying rocks was found to have significantly weaker resistance than adjacent areas that were not over rocks". Nine Colorado avalanche accidents were directly attributed to such trigger zones by Logan [1992] .
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where Ts is the temperature in the snow layer, pS is the snow density, Cp • -2.051 x 10 a J kg -• K -• is the specific heat of ice and K e is the effective thermal conductivity of snow. The effective thermal conductivity is determined empirically and is dependent on the temperature, grain size, and snow density. Normally, the effects of grain size and temperature are neglected and an algebraic expression is used to parameterize the thermal conductivity as a function of snow density. These formulas are reviewed by Mellor [1977] and Fukusako [1990] . in the range -cw < x < cw, respectively. Each interface has an associated maximum height h* above the z = 0 plane and a characteristic width l* over which order unity changes in the geometry take place. The geometry therefore introduces three length scales, d*, h*, and l* which all play an important role in the nature of the solution. Note that in order to draw comparisons between the three cases in (4) the slope of case i is chosen to be the same as that of case 3 at z --hi2, and the curvature at the apex of the single bump (case 2) is the same as that in case 3. That is, the profiles have been scaled so that they represent similar geometries for the same h* and l*.
The snow/rock interface z: g(z) is a singular surface at which the energy balance reduces to the jump perature is continuous across the interface [Carslaw and Jaeger, 1959] -
This may not be a good assumption if void space develops at the snow/rock interface, which occurs during surface cooling when there is a diffusive vapor flux into the pack at an impermeable lower boundary [Gray et al., 1995] .
In the horizontal far-field the interface in cases 1 and 2 is fiat, and in the absence of any density or surface boundary variations there is no lateral diffusion of heat. The temperature is therefore one-dimensional in the z coordinate, and the far-field boundary condition is 
where the nondimensional bump height h and bump width l are defined as h -h*/d*, l -l*/d*, which follow directly from the coordinate scaling (13).
One-Dimensional Periodic Solution
The conduction problem reduces to one dimension when the interface is fiat and parallel to the surface, •-h, and there are no lateral gradients of the thermal conductivity or the boundary conditions. In the two- 
Illustrations
The snow temperature around a buried rock was measured [Logan, 1992] Decreases in density do not greatly affect the nondimensional temperatures, the main effect of lowering the density is to steadily increase Ivl over the bump (Figure 11) . However, the physical temperature magnitudes T* in (12) are much larger for low-density snow than they are for high-density snow.
When the skin depth becomes smaller (Figure 12 ), the effect of the bump is reduced and the snow surface temperature is spattally uniform. That is, when the thermal waves do not penetrate far enough into the pack the temperature behavior is exactly the same as for a deep snowpack [Gray and Motland, 1994 ]. For shallow snowpacks, when the depth is the same order or less than the skin depth, maximum surface temperatures can be dramatically moderated over the bump, and temperature gradients rise sharply throughout the snow.
Changing the geometry from a bump to a single step and a series of bumps changes the spatial distribution of the isotherms. Once again they lie fairly close to the sequence of adjacent one-dimensional temperature profiles with the interface positioned at f -•. However, the precise form of the regularity conditions (29) and (30) has an important influence on the interior solution.
To make comparisons between the three geometries a cross section of the periodic two-dimensional temperature at f-0 is illustrated in Figures 13 and 14 down the bump. This reduces the lateral temperature gradients and straightens the isotherms. However, the temperature gradients near the apex of the bump can be dramatically enhanced. This lens of enhanced temperature gradients increases and pushes down the sides of the bump if I is reduced and h is increased. During cooling the bump provides very favorable conditions for crystal growth as the temperatures are warmer and the temperature gradients are larger than in the surrounding snow, both of which increase the crystal growth rate [Colbeck, 1983; Lamb and Hobbs, 1971] . Sufficiently large temperature gradients can produce faceted cohesionless depth hoar crystals which reduce the strength of the snow and increase the potential risk of a slab avalanche release.
